We report a miniature, lightweight fiber-coupled confocal fluorescence microscope that incorporates an electrowetting variable focus lens to provide axial scanning for full three-dimensional (3D) imaging. Lateral scanning is accomplished by coupling our device to a laser-scanning confocal microscope through a coherent imaging fiberbundle. The optical components of the device are combined in a custom 3D-printed adapter with an assembled weight of <2 g that can be mounted onto the head of a mouse. Confocal sectioning provides an axial resolution of ∼12 μm and an axial scan range of ∼80 μm. The lateral field-of-view is 300 μm, and the lateral resolution is 1.8 μm. We determined these parameters by imaging fixed sections of mouse neuronal tissue labeled with green fluorescent protein (GFP) and fluorescent bead samples in agarose gel. Laser-scanning microscopy (LSM), using confocal or multiphoton methods, is a powerful technique for in vivo physiological imaging [1] [2] [3] [4] . The primary advantage of LSM is the ability to extract thin optical sections, important for imaging cells in thick tissue. Optical sectioning combined with axial scanning enables the collection of three-dimensional (3D) data from tissue. This technique is especially useful for functional imaging of cellular network dynamics, which often appear in multiple focal planes [3] . In order to apply these methods for 3D imaging in freely moving mice, a lightweight and compact fiber-coupled microscope (FCM) must be designed with high-speed axial focusing capability.
Laser-scanning microscopy (LSM), using confocal or multiphoton methods, is a powerful technique for in vivo physiological imaging [1] [2] [3] [4] . The primary advantage of LSM is the ability to extract thin optical sections, important for imaging cells in thick tissue. Optical sectioning combined with axial scanning enables the collection of three-dimensional (3D) data from tissue. This technique is especially useful for functional imaging of cellular network dynamics, which often appear in multiple focal planes [3] . In order to apply these methods for 3D imaging in freely moving mice, a lightweight and compact fiber-coupled microscope (FCM) must be designed with high-speed axial focusing capability.
Here we demonstrate a laser-scanning FCM for confocal fluorescence imaging, using a high-speed variable focus electrowetting lens (EL) for axial scanning requiring no mechanically moving parts. This design allows stable 3D fluorescence imaging of tissue. The implantable portion of the device is 1 mm in diameter, and the entire FCM including electrowetting lens weighs <2 g and can achieve an imaging volume of ∼300 μm diameter × 80 μm depth with sub-cellular resolution. These design parameters are important for a head-mounted device for potential imaging of the brain in freely moving mice. In addition, we present confocal imaging of YFP-and GFP-labeled brain tissue.
Previous work has demonstrated FCMs using a single optical fiber coupled with distal miniature twodimensional (2D) scanners (for review see [5] [6] [7] ) or by scanning proximally through a high-density coherent fiber bundle [8] [9] [10] . Although such devices demonstrate axial sectioning, imaging is typically performed at a fixed focal depth. Multi-focal techniques have been demonstrated in FCM systems. Examples include micromotors [11] , piezoelectric actuators [12] , thermomechanical actuators [13] , micro-electromechanical systems (MEMS) mirrors [14, 15] , and variable focus lenses [16] . However, mechanical actuators have low bandwidth and can introduce movement artifacts. Micro-mirrors have relatively low reflectivity and require complex optical setups. Other designs that image multiple fixed focal planes have been demonstrated [17, 18] , but do not allow for continuous focusing.
Variable focus lenses have been shown to allow axial scanning with no mechanical actuation for various microscopy applications [19] [20] [21] [22] . Variable focus lenses for endoscopes have also been demonstrated, including a shape-changing polymer lens [20] and a pressure-driven liquid lens [16] . However, these lenses are too slow or sensitive to orientation and motion for imaging on an awake animal. Electrowetting lenses (EL) allow for variable focus by using an applied electric field to change the curvature between two immiscible fluids [23] . They have several advantages for in vivo 3D imaging, including a high scan speed (∼50 Hz over the full focal range), long-term repeatability, and ability to operate in any orientation since their operation is dominated by surface tension, not gravity [24, 25] .
In Fig. 1(a) , we show the imaging setup incorporating a commercial EL in the focusing optics. A laser-scanning confocal microscope (Leica SP5 II) provides the continuous wave laser for fluorescence excitation, steering of the beam laterally using a resonance beam scanner, and spectrally filtered detectors. To fiber-couple our device to the microscope, we use a high-density coherent fiber-bundle with 0.5-m length, 30,000 count fiber cores, total effective imaging diameter of 0.8 mm, 2.5-μm core diameter, and 4.5-μm inter-core spacing (Fujikura, FIGH-30-850N). The excitation laser is focused onto the proximal surface of the fiber-bundle by a 10× 0.4 numerical aperture (NA) objective. Imaging over a single focal plane is performed by raster-scanning the laser into individual fiber cores. The light from the fiber is collimated with a 3-mm focal length achromatic lens (Edmund Optics, 65-566), passes through the EL, and is focused onto our sample using two 2-mm focal length achromatic lenses (Edmund Optics, 65-565). The imaging system has ∼2.5× magnification. For each fiber core, fluorescence emission is transmitted back through the optics into the same fiber core and registered on the confocal microscope internal photomultiplier detector. The EL is placed in the infinity space of the telescopic imaging system, where changing the focal length of the EL by voltage results in a shift of the front focal length of the FCM. We used a commercial tunable lens (Arctic 316, Varioptic Inc.), which has an effective focal length that ranges from −57 to 29 mm (−17 to 36 m −1 in diopters) corresponding to a voltage input from 25 to 60 V RMS provided through a flexible cable. Typical power draw of the EL is ∼15 mW. We designed a custom-fabricated two-part plastic adapter [shown in cross section in Fig. 1(b) ] to provide a lightweight and rigid enclosure for the imaging optics, including the 7.75-mm diameter EL package. The adapter is designed to be surgically attached on a mouse head with the 1-mm diameter objective lens inserted for deep brain imaging. The top section is easily detachable, and the bottom section is designed with a low profile (<5 mm height) such that it may remain implanted for long-term imaging. The EL and electrode are clamped between the two adapter sections and held in place with an O-ring. In this design, the EL is positioned away from the tissue to be imaged by ∼2 mm, which provides adequate insulation from the electrical contact. The objective lenses are glued with cyanoacrylate adhesive into a length (3-7 mm) of polyimide tubing with 1.06-mm outer diameter and fit into the bottom of the holder. Figure 1(c) shows a photograph of the assembled FCM after being manufactured via a 0.1-0.2-mm tolerance 3D-printing process. The parts are precise enough to maintain accurate optical alignment over repeated assemblies. The final assembly weighs approximately 1.9 g, comparable in size and weight to current miniature head-mounted microscopes for awakebehaving imaging [26] .
We used Zemax optical design software to compute the optical performance of our FCM with the objective lens extending 1 mm below the adapter, for surface level imaging, and 4 mm below the adapter, for deep tissue imaging. The adjustable design permits access to different regions of interest in the brain. We obtained model files for the lenses from Edmund Optics and Varioptic. Due to the selection of achromatic lenses, and we see minimal chromatic aberrations for wavelengths ∼500 -600 nm.
Results from the design are summarized in Table 1 . The range in parameters are over the full focus range of the EL.
The lateral resolution is determined by the fiber-bundle core-spacing (4.5 μm) demagnified by the optics, verified experimentally in Fig. 4 . The optics are required to have good performance only up to the maximum spatial frequency resolvable by the fiber-bundle, which is 300 line pairs (lp)/mm. We calculate the effective field-of-view (FOV) by finding the minimum object field diameter at which the modulation of the optical transfer function (MTF) at 300 lp/mm fails to meet the Rayleigh criterion (MTF > 0.2) [27] . The model shows a constant field curvature that results in a ∼20 μm axial focus shift at the edge of the FOV compared to the center, which is managed by imaging thick tissue (>20 μm) or by combining multiple optical sections. As the objective lens position is increased further from the adapter, there is an increase in off-axis vignetting and aberrations, most significantly astigmatism and distortion. Therefore, the FOV at the 4-mm objective position is predicted to be smaller due to the increased aberrations and vignetting.
We evaluated the FOV experimentally by imaging a 15-μm-thick section of mouse brain showing neuroglial oligodendrocyte cells expressing GFP. Figure 2(a) shows a standard confocal fluorescence image of the sample using 488-nm excitation light. We compensated for the field curvature by performing a maximum intensity projection of 3-4 axial planes, obtained by varying the EL focus. Figures 2(b) and 2(c) show images for the 1-and 4-mm objective lens positions. At the 4-mm position, there is a reduction in FOV due to off-axis vignetting and aberrations. We mark the predicted FOV from Table 1 with a dashed circle. The images were processed by band-stop filtering using a spatial fast Fourier transform (Matlab) to remove the fiber pattern artifact, illustrated in Fig. 2(d) . Individual cell bodies and neuronal processes can be resolved in the image, showing sub-cellular resolution, comparable to the standard confocal microscope images obtained with a 10× 0.3 NA objective lens. The effects of distortion and NA variations are not visible within the predicted FOV. We experimentally measured the power loss across the FOV using a thick fluorescence test slide (Chroma Corp.) shown in Fig. 2(e) . The decreasing signal is due to the effects of vignetting and aberrations toward the edge of the FOV and was unchanged when varying the axial focus. In conclusion, increasing the objective position only reduces the FOV while otherwise maintaining similar image quality. We experimentally verified the axial scan range of our FCM. We used a nanopositioner stage (Mad City Labs, LP100) with 100-μm Z-scan range as an axial ruler. We imaged a thick test sample consisting of 1-μm-diameter red fluorescent beads (Invitrogen, F8887), embedded in agarose gel, using 561-nm excitation light. Initially, we fixed the EL at the shortest focal length and obtained axial image sections at 1-μm intervals using the scanning Z-stage. Next, we fixed the sample position and obtained 36 optical sections of the same regions by varying the EL across the full focal range. Figure 3(a) shows an orthogonal projection of several beads resulting from varying the stage position and the EL focal length. Figure 3(b) shows the mapping of bead axial centroids from the stage position to the EL focal setting. Data collected from 40 beads agree with the simulated focal length dependence obtained in the Zemax model. We conclude that our FCM provides a scan range of approximately 80 μm.
We tested the lateral and axial resolution by imaging agarose samples containing 2-μm or 1-μm red fluorescent beads. We set the confocal pinhole on the microscope either to the open position, allowing light collection from multiple fibers, or closed down to a setting of 2 Airy patterns, which allows light collection from only one fiber. 
The calculations use object-space NA 0.35, refractive index of air, wavelength λ 600 nm, and pinhole diameter PH 1 μm (2.5 μm fiber-core size demagnified by 2.5×). As shown in Fig. 4(b) , the 1-μm-diameter beads occupy a single fiber core, while the 2-μm beads are sampled by multiple cores. This indicates that our FCM lateral resolution is fundamentally limited by the fiber core spacing. We estimate the lateral resolution to be 1.8 μm, determined by demagnifying the 4.5-μm core spacing by 2.5×, compared to the theoretical 0.87-μm resolution from Eq. (1). As shown in Fig. 4(c) , the FWHM axial resolution is determined to be ∼10 and ∼12 μm for the 1-and 2-μm-diameter beads respectively, compared to the theoretical 9.3-μm resolution.
To demonstrate imaging in tissue with our FCM, we imaged intact mouse olfactory nerve fibers expressing yellow-fluorescent protein in olfactory neurons [29] . The mouse was sacrificed by CO 2 inhalation and the head was bisected sagittally to expose the olfactory epithelium and nerve. The FCM was held in position adjacent to the tissue using a manipulator arm with an aqueous saline solution interface between the objective lens and tissue. Imaging was performed using a 488-nm CW laser at a resolution of 1024 × 1024 pixels at 1.7 s/frame. Thirty six image slices were taken while varying EL optical power from 13 to −5 m −1 . The images were post-processed by band-stop filtering [as seen in Fig. 2(d) ]. Figure 5 (a) shows a maximum-intensity projection of a stack of optical sections. The diameter of each axonal bundle is ∼10 μm and is easily resolved with our system. Figure 5 (b) shows four separate optical sections spanning ∼50 μm, limited by light scattering in the tissue. Each image represents a ∼12 μm optical section with distinct morphological features, demonstrating efficient optical sectioning with our device.
We have demonstrated for the first time that electrowetting variable focus lens technology can be used in a FCM to allow 3D fluorescent tissue imaging. We show a FOV of ∼300 μm, and ∼1.8 μm lateral and ∼12 μm axial resolution. We verified experimentally an axial scan range of 80 μm. We have obtained 3D images of detailed nerve fibers showing axonal networks. We show a lightweight adapter that can be used as a head-mounted device for brain imaging. This design has potential for multiphoton imaging using dispersion compensation. Further improvement of low-voltage EL technology will allow for more diverse endoscopic applications [25] . This approach is promising for use as an implantable brain device because it has no mechanical fatigue, no vibration, and low power usage.
